High-content imaging connects the information-rich method of microscopy with the systematic objective principles of software-driven analysis. Suited to automation and, therefore, considerable scale-up of study size, this approach can deliver multi-parametric data over cell populations or at the level of the individual cell and has found considerable utility in reverse genetic and pharmacological screens. Here we present a method to screen small interfering RNA (siRNA) libraries allowing subsequent observation of the impact of each knockdown on two interlinked, high-content, G1/Sphase cell cycle transition assays related to cyclin dependent kinase (CDK) 2 activity. We show how plasticity within the network governing the activity of this kinase can be detected by combining modifier siRNAs with an siRNA library. The method uses fluorescent immunostaining of a nuclear antigen, Cyclin A, following cell fixation while also preserving the fluorescence of a stably expressed fluorescent protein-tagged reporter for CDK2 activity. We provide methodology for data extraction and handling including an R script that converts the multi-dimensional data into four simple binary outcomes, on which a hit-mining strategy can be built. The workflow described can in principle be adopted to yield quantitative single cell resolved data and mining for outcomes relating to a broad range of other, similar readouts and signalling contexts.
Introduction
A combination of fluorescence microscopy and software-driven image analysis, high-content imaging has proven to be a useful tool in cell based screens (1, 2) . Particular strengths of the technique are that it delivers multi-parametric, single cell resolved data and it can measure geometric/morphological Often, multiple independent images need to be collected per well to guarantee a sufficient number of cells are assessed per condition. We detail how systematic image collection along with the provided software settings ensure that images are unambiguously related to the wells they are derived from and, thereby, to any particular treatment on the 96-well plate, while at the same time delivering multiplexed single-cell-resolved information relating to the different fluorophore-channel and assay outcomes.
During the high-content phase of the method, images of chromatin stained with a fluorescent dye (Hoechst 33342) allows the automated identification of individual cells and at the same time generates a 'mask' on which automated image segmentation is based. The located nuclei are subsequently used to find associated cytoplasmic regions of each cell in the GFP images. Measurements of each fluorophore in the paired nuclei and cytoplasm regions of each imaged cell are generated during the analysis. These individual cell measurements per knockdown condition allow the impact of each siRNA on the accumulation of Cyclin A in the cell's nucleus and, in the same cell, the activity state of CDK2, monitored by the nuclear to cytoplasmic ratio of the GFP-reporter protein, to be assessed.
Finally we document use of a simple R script that supports cell-resolved extraction, display and analysis of responses to modifier siRNAs using the two phenotypic assays.
Although the high-content image analysis and data mining described here is focussed on delivering quantitative information for nuclear Cyclin A and the nuclear to cytoplasmic translocation of a GFPbased CDK2 reporter, the principles used can be adapted to suit other investigator-chosen phenotypic markers that localise to any combination of these subcellular compartments.
2. Materials 2.1 Tissue culture and siRNA transfection 1. 5x siRNA buffer (Dharmacon/GE Lifesciences, catalogue number B-002000-UB-100).
5. Mix well contents by gently vibrating plates for ten minutes. 6 . Dispense 50 µl of the well contents onto three opaque 96-well tissue culture plates with transparent bottoms (Fig. 1C) . 7 . Add cells (HCT116) stably expressing the CDK2 reporter by pipetting 8000 cells per well in 150 µl DMEM containing 10 % serum directly onto the plated 50 µl siRNA-lipid complexes. No further mixing is necessary at this stage. Using the conditions described here the final concentration of the library siRNA will be 20 nM and the NT or siMOD siRNA will be 5 nM per well (see Note 4). 8 . Seal the two sets of three plates using sterile, adhesive, breathable membranes (See Note 5) and place in a humidified incubator at 37 °C, 5 % CO2 for 48 hours.
Cell fixation and staining for fluorescence microscopy
1. After 48 hours following the reverse transfection of the siRNA, tip, or preferably aspirate the medium from the wells of each 96 well plate (see Note 6).
2. Immediately after removal of the medium, fix the cells by adding 100 µl of 4 % buffered formaldehyde per well and incubate at room temperature in a fume hood for exactly 10 minutes (see
Notes 7 & 8).
3. Carefully remove the fixing solution keeping the plates in the fume hood. At this stage the plates can be stored at 4°C, in the dark with 150 µl Tris-buffered saline per well for up to two weeks (see Note 9). Alternatively, proceed immediately to permeabilisation of the fixed cells. 4 . Permeabilise the fixed cells by adding 100 µl of 0.1 % Triton X-100 in Tris-buffered saline per well to the recently fixed plates from which fixative (or, where used, storage buffer) has been removed.
Incubate for 10 minutes without agitation. Empty the plates by tipping off the Triton X-100 solution and repeat two more times (see Notes 7 & 10).
5.
After emptying the plates following the third incubation with permeabilisation buffer, block the plates with 100 µl of blocking solution per well and incubate at room temperature for 30 minutes. 9. The following day, tip away the secondary antibody and wash the plates three times wash solution as before, store under 100 µl Tris-buffered saline in the dark at 4 °C until ready to acquire images.
10. Use a fluorescent or confocal microscope with a 20x objective to take separate, 16-bit grayscale TIF format images of the same field for the three colour channels corresponding to the Hoechst, GFP and the fluorophore used for immunostaining. A number of non-overlapping sets of three-channel images should be acquired per well to yield an approximate total of 300-400 imaged cells per well, therefore covering close to 1000 cells imaged per triplicate set of wells per RNAi knockdown condition ( Fig. 2A). 11. Name the image files so that each file name is a unique combination of common experiment name, well address from the plate, frame number and channel identifier (Fig. 2B . See Note 12).
High-content analysis -software image file settings
1. Overview: The image files acquired and organised as described above are now processed using the open-source CellProfiler 2.1.1 image analysis software. The following steps describe how to set up the software to interpret the image file names and correctly associate related sets of images with wells and channels. The settings described in this section and in 3.5 can be saved as a 'Project' file for repeat analyses in CellProfiler and it is recommended to save the file periodically during the following steps to preserve progress (see Note 13).
2. Run the software CellProfiler 2.1.1 (www.cellprofiler.org). Close the welcome box to view the 'File list' drag-and-drop window on the right hand side of the program window.
3. Using the mouse, drag a folder containing the all image files relating to one 96 well plate into the drag-and-drop window. A list of the files relating to these images should now be visible in the program (Fig. 3) . 4 . Select 'View output settings' in the lower left corner of the screen. On the next screen use the box labelled 'Default output folder' to specify where the resulting data from the analysis should be sent.
5. Select the 'Metadata' tab in the Input Modules box on the left hand side of the page (Fig 4) . On the right hand side of the screen select the 'Yes' option to extract metadata and copy/paste the regular expression shown below and in 10. Into the box labelled 'Name to assign these images' type DNA (for 'Blue' channel), GFP ('Green' channel) and CyclinA ('Red' channel).
11. The software will now be able to interpret the file name convention to associate images with specific fields from defined well locations on the plate and associate them with the correct fluorophore. This can be checked by selecting the 'Update' button in the lower part of the screen to see if the correct image file names associate with the three named image types, in this example 'Cyclin A', 'DNA' and 'GFP' (Fig. 5) .
12. The 'Groups' settings in the Input Modules list are not used here and the default setting of 'No' is to be selected. (Fig. 6A) ; the resulting digital nuclei mask is used as a seeding point to establish a cell mask based on the extent of GFP staining in the reporter channel image for each individual cell (Fig. 6B) ; finally the nuclei mask is used again to deliver a cytoplasm mask by subtracting the nuclei mask position from each corresponding cell mask (Fig. 6C) . Fluorophore intensity data from each channel is collected for related sets of nuclei and cytoplasm masks and additional nuclear/cytoplasm GFP intensity ratios for each cell are calculated from these. 3. The added modules will appear in the 'Analysis Modules' list on the left (Fig. 7) . Select the Briefly, 'DNA' should be selected in the drop-down menu at the top as input to link the module to the 'Blue' channel data. The suggested name 'Nuclei' in the next box will serve as the reference for the nuclei-mask in subsequent modules used in the analysis. The remaining settings adopted in 5. Parameters such as the accepted range of nuclei diameters ('Typical diameter of objects'), 'Threshold correction factor' and 'Lower and upper bounds on threshold' will need to be adjusted to suit each individual study. CellProfiler will use these settings to accept or reject nuclei 'objects' in 'Blue' channel images on the basis of several criteria -being within an anticipated size range; being fully in the image; being within a threshold-defined intensity range (see Note 17). 10. The Cells mask is to be selected in the drop-down menu for 'larger identified objects' and the Nuclei mask in the corresponding drop-down menu for 'smaller identified objects' (Fig. 10) . The option to 'shrink nuclei prior to subtraction' is also selected here to ensure there will always be a cytoplasmic mask generated for each cell.
11. Select the MeasureObjectIntensity module in the Analysis Modules list. Select the 'Add another image' button twice so that the 'DNA', 'GFP' and 'CyclinA' images can be selected using the resulting drop-down menus to be used for measurements (Fig. 11) .
12. Next select the 'Add another object' button at the bottom of the MeasureObjectIntensity settings and then select 'Nuclei' and 'Cytoplasm' to be the areas from which fluorescence intensity measurements will be taken ( Fig. 11 . See Notes 18 & 19).
Select the module CalculateMath in the Analysis Modules list to access the settings used to
calculate the ratio nuclear/cytoplasm GFP intensity for each cell. Type 'GFP_Ratio' in the box to name the output measurement and use the 'Operation' drop-down box to select 'Divide' (Fig. 12) .
14. The options that are now open in the CalculateMath module as a result of the selection of the 'Divide' Operation concern the definition of the numerator and denominator for the ratio calculation.
Both the numerator and denominator 'measurement type' drop-down boxes should be set to 'Object' and the subsequent drop-down boxes should be set to 'Nuclei' and 'Cytoplasm', respectively. 17. The following settings of the ExportToSpreadsheet module should be changed from their default positions: 'Add a prefix to filenames' is set to 'No', 'Add image metadata columns to your object data file' is set to 'Yes' and 'Select the measurements to export' is also set to 'Yes' (Fig. 13A) .
18. A button labelled 'Press to select measurements' will now appear, select this to reveal a 'Select measurements' sub-window displaying a tree diagram of available measurements, which can be found beneath the various object classes defined by the analysis (i.e. Cells, Cytoplasm, Experiment, Image and Nuclei). (Fig. 13B). 20. Select the 'OK' button to close the 'Select measurements' sub-window. Next, select the 'Analyze Images' button in the lower left corner of the main CellProfiler window to start the analysis. The chosen ExportToSpreadsheet settings will now produce a 'Nuclei.csv' data file in the output folder.
21. When the analysis is complete select 'File' and then 'Save Project As…' in the upper left corner of the CellProfiler window to save the analysis settings.
3.6 Example analysis -scatter plots of single cell siRNA screen data 1. The settings for CellProfiler described above will produce several comma-separated value (.csv) files in the user-defined output location. Each file contains data and measurements corresponding to different image-segmentation or file elements determined using these settings. Of these files, Nuclei.csv contains the single-cell measurements 'Intensity_MeanIntensity_CyclinA', corresponding to the average nuclear intensity of Cyclin A antibody staining for each cell, and 'Math_GFP_Ratio' corresponding to the ratio of nuclear/cytoplasmic mean GFP intensity per cell, respectively (Fig. 14. See Note 20).
2. Each row of data in Nuclei.csv corresponds to observations of a single cell. Each row of data also carries information indicating that cell's location on the 96-well plate ('Metadata_Well') and which image field from that well it corresponds to ('Metadata_FieldNumber').
3. The organisation of data in Nuclei.csv can thus be used to observe the behaviour of each cell in the Cyclin A expression assay and GFP-CDK2 activity assay for each siRNA knockdown condition tested (i.e. well position in the screen). A direct way to visualise this is to plot an x/y scatter plot of each cell in a given well against its corresponding scores in both assays. The R script in Fig. 15 automates the generation of these scatter plots on a well-by-well basis.
4. Install and run R on the computer to perform the analysis. After the R terminal opens copy and paste the R script at the command prompt.
5. Amend line 6 in the script (Fig. 15) to be give the location of the Nuclei.csv file.
6. Between the quotation marks in line 11, type the well address of the cells to plot (e.g. "B2"). 2. The subsequent steps in the protocol will further dilute these siRNA such that the final concentrations the cells will experience during reverse transfection will be 20 nM (library siRNA) and 5 nM (modifier siRNA). The 20nM oligonucleotide concentration is intended to produce a robust level of knockdown across the various targets represented in the library, whereas the 5 nM used for the siMOD target assumes prior characterisation/optimisation has identified this as sufficient to achieve knockdown of this target. Additionally, we have determined a net concentration of 25 nM oligonucleotide is not limiting for the amount of lipid described in this method. Other siRNA concentrations for library or modifiers are possible and for studies with different cells and knockdown targets/conditions further optimisation here is recommended to achieve optimum target knockdown.
3. The choice of transfection lipid and the amount to be used will need to be optimised if different cells are to be studied. Ideally, an amount of lipid that can simultaneously deliver both the library and modifier siRNA without approaching saturation is desired. This will require test transfections with titrations of lipid against fixed concentrations of positive control siRNA, and vice versa, to identify optimal knockdown conditions while avoiding toxicity from excessive reagent concentrations.
4. The number of cells seeded at this point in the protocol has been optimised for the HCT116 cell line. The number of cells must be high enough to yield a practical number of cells for images acquired at the chosen magnification, however the cells must not be allowed to grow to confluency as contact inhibition will likely interfere with the G1 transit assays. Taking these points into consideration, the seeding density will need to be adjusted screens of differing duration and cell lines with differing growth rates. Additionally, we have observed that HCT116 cells tend to clump following trypsinisation, which will impact the accuracy of some counting methods and may prematurely result in contact inhibition of newly seeded experiments. It is recommended that cells likely to clump be passed through a sterile, blunt needle using a syringe to produce a finer mono-cellular aspirate after trypsinisation.
5. Use of the breathable adhesive membranes to seal the newly transfected tissue culture plates is critical to limit 'edge-effect' whereby evaporation from the edges of the plate during the incubation period places cells in these wells at a disadvantage. Use membrane seals in addition to the normal lids supplied with the tissue culture plates.
6. Aspiration of the transfection media from the plates is preferable to tipping away the media.
Depending on the cell line used for a study, tipping and shaking a plate may shed cells from the plate creating bias or increasing the variability of plate replicates. Ideally a vacuum-trap will be used with an 8-or 12-well adapter to allow complete rows or columns to be aspirated in a single action.
7. We make the assumption this method is being carried out manually. The fixation and subsequent permeabilisation steps in this method require 10-minute incubations with the respective solutions or buffers. It is important to choose a fixed pattern of processing, such that timelines of incubation are kept for all plates. Thus remove medium from and add fixative to the first plate, then sequentially process subsequent plates using in fixed time intervals (i.e one minute). Return to the first plate to remove fixative and add permeabilisation or storage solution after exactly 10 minutes, and process subsequent plates in turn and after they have had 10 minute exposure to fixative.
8. The use of 4% formaldehyde after aspiration of the media from the plates is a deliberately chosen cell fixation strategy intended to preserve the fluorescence of the GFP-tagged reporter expressed by the HCT116 cells described in this method. Use of higher concentrations of formaldehyde will begin to irreversibly destroy the fluorescent signal. This is an important consideration as alternative formaldehyde fixation pipetting strategies exist, such as adding higher stock concentrations of formaldehyde directly to the medium, thus obviating the need for media aspiration. However, in our experience using 96well formats, mixing formaldehyde with the media to arrive at the target concentration of 4% will subject the cells to a transiently inaccurate concentration with unsatisfactory preservation of the GFP fluorescence. If a study were to not use stably expressed fluorescent proteins, instead making use of post-fixation stains such as antibodies and dyes, the choices for how to fix the cells with formaldehyde become more flexible.
9. If storing the plates in this way it is recommended to use adhesive plate seals or a sealable plastic bag to prevent evaporation from the plates.
10. The three permeabilisation washes can be reduced to one for some immune-staining epitopes. If adapting this method to probe with different antibodies this may be a useful optimisation opportunity to explore. In our experience, a 2 nd and 3 rd round of permeabilisation has improved the reliability of antibody detection for some nuclear epitopes.
Alexa Fluor 633 (AF633) was chosen as the fluorophore for the immunostaining of Cyclin A as it
has sufficiently different and non-overlapping excitation/emission spectra to Hoechst 33342 and GFP such that these reagents are unlikely to interfere. Alternative fluorophores that could equally well substitute for AF633 include AF647 and AF546, however, we do not recommend using fluorophores with lower excitation wavelengths than AF546.
12. The file naming structure used in Fig. 2B is a suggestion and can be modified to suit studies with different image data arrangements. For example, the renaming of a channel or addition/subtraction from the total number of channels used. However, care will be needed to make sure that the 17. We find that once a useful set of values are found for the 'Lower and upper bounds on threshold' most of the routine fine-tuning between runs with different image sets can be achieved by adjusting the 'Threshold correction factor'. Generally, the upper bounds value can stay set to 1.0, however, the lower bounds value should be adjusted if background staining is misdirecting the segmentation apparent when an analysis is run. A good value for the lower bounds setting is a number above the background intensity for the Blue channel images. Typical background intensity values can be observed in the primary objects segmentation window that is produced during analysis (Fig. 8) .
Holding the mouse pointer over areas outside of the nuclei in the original image will give a pixel intensity value corresponding to those positions in the image in the lower left corner of the window.
Suitable values for the Threshold correction factor can be found by trial and error. Larger values used in the IdentifyPrimaryObjects module will shrink the objects produced in the nuclei mask and smaller values will allow them to expand. Using this principle, it should be possible to find a good consensus value for the segmentation of all the Blue channel images for a data set. Too low a value will result in frequent merging of close neighbours and too high a value will begin to miss nuclei with lower intensities of staining. Start with a value of 1 and explore Threshold correction factor values above and below this to determine where the best setting can be found.
18. Although not used in this analysis, a by-product of the settings used in the MeasureObjectIntensity module will be the intensity values of DNA staining measured at the Nuclei and Cytoplasm regions in each image. In this case, only the Nuclei measurements of staining intensity will be useful and the option to collect the integrated DNA intensity for each nucleus can serve as a useful parameter in identifying likely cell cycle phases of the corresponding cell at the time of fixing. This parameter has to be selected later in the ExportToSpreadsheet module (Fig. 13B) .
A useful module similar to MeasureObjectIntensity that may also fit into the analysis is
MeasureObjectSizeShape. This can be used to additional geometric parameters are useful to characterise the cells in a study (e.g. size of Nuclei objects or Cell objects). Sets of these three channel images are taken for a number of non-overlapping fields per well to collectively image a target number of cells (e.g. 800-1000). (B) Image files from a given screening plate should adopt a naming convention whereby a common experiment name followed by well address, iterative field number and a channel identifier. The example used here gives each file a unique name using this structure with which related sets of channel images can later be traced back to common fields and cells within these for any specific well. Below the example file names is the required 'regular expression' code that CellProfiler can use to interpret this specific example of file name structure. IdentifySecondaryObjects modules earlier in the analysis. The 'Cytoplasm' and 'Nuclei' masks will be used in subsequent modules for intensity measurements and nuclear/cytoplasm ratio calculations. used to specify which channel images are to be used for fluorophore intensity measurements. In the lower part of the module, the particular mask-objects defined earlier in the analysis are selected as the areas within each image from which the intensity measurements are to be taken. The settings shown here will generate intensity measurements in all three channels (DNA, GFP and CyclinA) and be taken for each cell's corresponding 'Nuclei mask' and 'Cytoplasm mask'. Only Nuclei mask measurements will be used for the Cyclin A staining, whereas GFP intensity measurements from both Nuclei and Cytoplasm masks per cell will be used in the next step of the analysis to calculate nuclear/cytoplasm ratios for the CDK2 reporter.
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Fig. 12. Screen capture after selecting the CalculateMath analysis module. This module can be used to determine mathematical relationships using specified measurements. For this analysis CalculateMath is used to produce a nuclear/cytoplasmic 'GFP_Ratio' parameter for each cell using a combination of specific measurement, image and mask values generated in the earlier modules of the analysis. The ExportToSpreadsheet module is used to specify which parameters from those generated in the NT oligonucleotide, siRNA targeting Cyclin A and a siRNA mixture targeting the G1 phase cyclindependent kinases CDK6 and CDK4. The Cyclin A knockdown data was used to set an arbitrary Fig. 16 Example of scatter plots of data produced using this analysis strategy. The R-script in Fig. 15 has been used in conjunction with an output Nuclei.csv file from a siRNA screen. The x-axes display GFP ratio values calculated from the GFP-CDK2 reporter and the y-axes the mean nuclear fluorescence intensity of CyclinA antibody staining in arbitrary units. Positions of the assay thresholds (bold white lines) are set based on observations of a relevant test set of wells present on each plate of the screen, and numbers in each of the quadrants represent the percent cells of the plotted population contained therein. (a) Individual cell assay values from a test set of siRNA representing NT oligonucleotide, siRNA targeting CyclinA, and a siRNA mixture targeting the G1 phase cyclin-dependent kinases CDK6 and CDK4. The CyclinA knockdown data was used to set an arbitrary threshold for CyclinA expression positivity/negativity (horizontal white line), whereas the rightward trend of the double CDK4 and CDK6 knockdown data, resulting in enrichment of CDK2 negative G1 cells, was used to estimate a suitable value for the vertical threshold of the GFP-CDK2 reporter. (b) Example of screen data where a candidate epistatic modifier (siMOD) is shown canceling loss of CDK2 activity and CyclinA in cells, otherwise driven by loss of CDK6. Non-targeting siRNA control and CDK6 siRNA data values in the absence (upper panels) and presence (lower panels) of a candidate epistatic siMOD siRNA are shown, respectively. NT siRNA substitutes for the absent siMOD siRNA in the upper panel data such that the total siRNA concentration is constant across all transfection conditions in the screen
